part, by alterations in the function of the NFAT1 transcription factor (Dong et al., 1998; Chow et al., 2000) and by defects in IFN␥ secretion . In contrast, one group has reported that JNK2 may be required for T cell activation at low levels of stimulation (Sabapathy et al., 1999a) 
Insight into the function of JNK protein kinases has recently been achieved through the determination of the atomic structure of JNK3 (Xie et al., 1998). Figure 2 alternative splicing is restricted to the Jnk1 and Jnk2
illustrates the structure of the inactive complex of JNK3 genes and involves the selection of one of two alternawith an ATP analog. The overall fold is typical of protein tive exons that encodes part of the kinase domain. This kinases and is similar to other MAPK and consists of alternative splicing influences the substrate specificity two domains with an active site cleft. One significant of the JNK isoforms by altering the ability of JNK to difference between JNK3 and other MAPK is that the interact with docking sites on substrates (Gupta et al., ATP binding site is well-ordered in the inactive structure. 1996). These docking sites are present in MAPKK, MAPK
The low activity appears to result from misalignment of phosphatases, and MAPK substrates and appear to meactive site residues and the location of the T-loop, which diate interactions with a common surface on JNK (Tablocks access of substrates to the active site. MAPKK noue et al., 2000). Initial studies indicated that the dockactivate JNK by phosphorylation of the T-loop on Thr ing and substrate specificities of JNK1 and JNK2 were and Tyr (Figure 2 ). Inactivation of JNK is mediated by a different. For example, c-Jun was preferentially bound group of phosphatases, including Ser phosphatases, and phosphorylated by JNK1, while ATF2 was preferenTyr phosphatases, and dual specificity phosphatases tially bound and phosphorylated by JNK2 (Kallunki et (Keyse, 2000) . The mechanism of JNK activation by dual al., 1994; Sluss et al., 1994). However, it is now clear that phosphorylation is unclear, but it is likely that this phosthese differences reflect the particular spliced isoforms phorylation may alter the structure of the T-loop and that were examined. Different tissues express distinct cause realignment of the NH 2 -and COOH-terminal dorepertoires of spliced JNK isoforms and the particular mains to create a functional active site. A crystal strucspliced isoform that preferentially targets a specific subture of activated JNK3 will be required to identify the strate can be encoded by either the Jnk1 or the Jnk2 structural changes that occur during activation. genes (Gupta et al., 1996) . The analysis of Jnk gene disruptions in mice confirms that there is extensive complementation between the Jnk genes and that there are JNK Is Activated by Two Dual-Specificity Protein Kinases also tissue-specific defects in signal transduction that may reflect the JNK isoform profile of individual tissues
The JNK protein kinases are activated by phosphorylation on Thr and Tyr by MKK4 (also known as SEK1) and (Table 1) in vitro assays. Thus, many of these MAPKKK can activate more than one MAPK pathway and also the NF-B pathway in transfection assays. Whether this reflects cells to stress (Merritt et al., 1999). The nuclear localization of MKK4 and MKK7 contrasts with the cytoplasmic the in vivo function or whether it is an artifact of overexpression is unclear. These same considerations apply location (caused by nuclear export) of the ERK activators MEK1 and MEK2. JNK may therefore be activated in the to the numerous Ste20-related protein kinases that activate the JNK pathway in transfection assays, although nucleus and the cytoplasm.
Targeted gene disruption experiments in mice demonin this case the problem is further confounded because the mechanism by which these Ste20-related protein strate that both MKK4 and MKK7 are required for embryonic development (Table 1) 
Mechanism of JNK-Dependent Apoptosis
The biochemical defect in the stress-induced apoptosis JNK is not required for death receptor signaling mediated by caspase-8, but is required for stress-induced of Jnk null MEF was localized to the mitochondria (Tournier et al., 2000) . Decreased mitochondrial membrane apoptosis mediated by the mitochondrial/caspase-9 pathway. These two caspase signaling pathways, which potential is a late event in the apoptotic program that is dependent on caspase activation. The Jnk null MEF converge on the activation of the effector caspase-3, are differentially utilized by specific apoptotic stimuli were found to be defective in the mitochondrial depolarization response to UV radiation. Furthermore, the Jnk (Figure 4) . However, although these pathways are distinct, functional interactions between these pathways null MEF were also defective in an early mitochondrial response to JNK activation, the release of cytochrome have been described. For example, the mitochondrial pathway can provide an important amplification signal c. The failure to release cytochrome c is significant because cytochrome c acts together with Apaf-1 to actifor death receptor signaling. The involvement of the mitochondrial pathway in death receptor signaling is vate initiator caspase-9. Furthermore, the defect in cytochrome c release probably reflects a defect in the most obvious in cells where death receptor signaling causes a delayed apoptotic response. It may therefore ptotic BH3-only members of the Bcl2 group (Tournier be significant that JNK signaling has been implicated in et al., 2000). slow killing by the Fas death receptor, but not in the rapid killing caused by Fas ligation. These consider-
Role of JNK in Signaling Cell Survival ations indicate that JNK may contribute to death receptor
Although it is established that JNK contributes to some signaling under some circumstances. Furthermore, the apoptotic responses, it is not clear that apoptosis repretranscription-dependent apoptotic signaling by JNK sents the only functional consequence of JNK activa-(leading to autocrine/paracrine secretion of death lition. This is most obvious when one considers that most gands) and the transcription-independent apoptotic sigstimuli that activate JNK do not cause apoptosis. For naling mechanism (leading to cytochrome c release) are example, most forms of environmental stress do not not mutually exclusive. It is possible that these two cause apoptosis under conditions that are sufficient for mechanisms may function separately, but these mecha-JNK activation. This is partly because the JNK-depennisms may also cooperate to induce death. dent apoptotic signaling pathway can be blocked by A significant question that remains concerns the moactivation of survival signaling pathways ( 
, 1999). It is intriguing that somatic mutations in Mkk4
An important role for JNK in the establishment of epithelial planar polarity has been reported (Mlodzik, 1999 Further studies of the role of JNK in embryonic morphogenesis in Drosophila are warranted because it is respect to the JNK pro-apoptotic pathway (e.g., PTEN mutations may activate Akt/PKB signaling). Alternalikely that new molecular insight into the function of JNK will be gained. These studies may also provide insight tively, the targets of pro-apoptotic JNK signaling may be altered (e.g., mutated, expressed at a different level, into the role of the JNK pathway in mammalian embryonic morphogenesis. Gene knockout studies demonor post-translationally modified) to suppress JNKdependent apoptosis. Finally, it is possible that, in the strate that the JNK signaling pathway is required for murine embryonic viability. JNK appears to be required context of a tumor cell (e.g., loss of p53 or Rb pathways), JNK activation may be interpreted as an anti-apoptotic for normal apoptosis in the developing embryo, but further studies are required to define the embryonic defects or growth signal. Recent investigations using anti-sense JNK oligonucleotides support the conclusion that required for JNK-mediated interleukin-2 mRNA stabilization during T-cell activation. Genes Dev. 14, 1236-1248.
